. Schematic diagram of the function RA(T) with characteristic points for which analytical expressions are derived.
Introduction
The formation of cracks on the strand surface during continuous casting of steel is a very non-desired incident. Such defects cause high cost for strand conditioning prior to rolling and, if overseen, they may produce defects on the rolled product. In serious cases the strand must be scrapped, or a breakout may result interrupting the casting operation and necessitating machine repair. Cracks form due to two reasons. One of them is brittleness of the steel in a certain temperature range. So this is a materials property. The other prerequisite for cracking is that a strain/stress situation exists in the material which originates from the specific manner with which the casting process is carried out. Much laboratory work has been carried out to determine the crack sensitivity of steel grades. 1) The method mostly applied is a tensile experiment at controlled deformation temperature T, strain rate e˙and other relevant parameters. As a measure of ductility the reduction of area RA of the specimen is taken. RA is obtained as RAϭ(A o ϪA f )100/A o where A o and A f are the initial cross sectional area and the final cross sectional area (after rupture) of the tensile specimen, respectively, and is given in %. A low value of RA results when the specimen tore with little constriction, A f ϷA o , and indicates brittleness of the material. High RA values approaching to 100 % result if the constriction is large, that is A f is small, and indicate a ductile material state. The RA-T relationship is then used in the casting shop to set the surface temperature of the strand in such a manner that the steel has a high ductility during its passage through certain zones of the machine. For instance, it has been shown that plate grades did not form transverse cracks on straightening and network cracks in a particular machine when the surface temperature of the slab was maintained in ranges of T in which RA is above 75%.
2) So, this steel could be cast (in the particular machine) without a crack problem if the surface temperature of the strand was kept in a low temperature range (Ͻ700°C, "intensive cooling"). 2) In this manner RA-T diagrams are applied successfully in many plants for optimizing the secondary cooling with respect to avoiding certain types of cracks. Nevertheless, the simple approach necessitates considerable casting experience (collection of a large amount of crack data) for establishing the relationship between the cracking problem occurring at the machine and the laboratory RA-T curve, and this relationship differs for each machine. Hence, it is desirable to provide a more general procedure for predicting the cracking behavior of the strand from the laboratory 
Application of Reduction of Area-Temperature Diagrams to the Prediction of Surface Crack Formation in Continuous Casting of Steel
Klaus SCHWERDTFEGER 1) and Karl-Heinz SPITZER A method is proposed for the prediction of surface crack formation in continuous casting, based on reduction of area (RA) functions measured by the tensile test. From the RA values a critical strain is deduced which is then compared with the strain developed in the surface of the strand. The latter is computed with a thermo-mechanical model. There is the fundamental difference in the tensile test and in continuous casting that in the first the deformation is carried out under conditions of constant temperature (T ) and strain rate whereas in the second, temperature and strain rate are transients. For the application of the RA(T ) function to the transient conditions a procedure is used that is known from the computation of continuous transformation diagrams from isothermal transformation diagrams (Scheil procedure) and from the computation of fatigue strength of machine parts. That is the strain developed in the strand surface during a time increment is weighted by division through the critical strain for rupture at the conditions existing during the time increment, and the weighted strains are then added up. Rupture occurs when the sum, or integral, attains a certain value. The method is applied to the prediction of transverse cracks on the slab surface of aluminum deoxidized carbon steel.
RA data which does not require so many prior plant data.
There are several difficulties in the direct application of the RA-T relationship to real continuous casting. In the continuous casting process, surface temperature and strain rate vary along the strand. Thus, the strand deformation occurs under variable thermo-mechanical conditions whereas the deformation in the tensile test is (usually) performed at constant temperature and constant strain rate. A method is required, therefore, to transfer the laboratory data to the transient conditions close to the strand surface. Also, the manner of deformation differs strongly. There is no reduction of area of the material in the strand prior to cracking. Consequently, the RA values have to be transformed into a cracking criterion applicable to a volume element in the strand surface. This criterion should be the strain at which cracking occurs.
In the following paper we will propose a more fundamental approach for predicting the formation of surface cracks during continuous casting from the laboratory ductility data. The main idea refers to the manner in which the cracking criterion, measured isothermally and at constant strain rate, is applied to the transient conditions of the real casting process. It is suggested to use the method of a damage integral, and this method will be explained at first in the following.
Method of Damage Integral for the Application of Critical Strain Data Measured Isothermally to Transient Conditions
Two ways to apply the cracking criterion obtained in isothermal tensile testing to the transient conditions at the strand surface have been explored. The common principle is to divide the deformation time (time of passage of an element of strand surface through the machine) in time intervals Dt and to compute the "damage" suffered by the surface element during this interval, Fig. 1 . The total damage is then obtained by summation. If the total damage attains a critical value cracking occurs. The following method described in the present paper is very simple. A more sophisticated one is described in another paper.
3) In the simple approach the increments of the deformation strain are weighted by division through the critical strain e crit existing for the conditions (temperature, strain rate etc.) in the particular time step. Depending on the knowledge existing for the particular cracking process, the absolute value of strain rate may be used assuming that the microscopic slip processes in tension and compression deformation act in the same manner with respect to the precipitation of aluminum particles, or only the tension strain rate, or tension strain rate and compression strain rate weighted with different factors. If the time nodes are denoted with t 1 , t 2 , t 3 etc. and the surface temperature and strain rate at these times are T(1), T(2), T(3) etc. and |e˙(1)|, |e˙(2)|, |e˙(3)| etc., respectively, Fig. 1(a) , the strain increments developed by a surface element traveling down the machine are |e˙(1)|Dt, |e˙(2)|Dt, |e˙(3)|Dt etc. (for the case of using the absolute values of strain rate) and the "damage" suffered by the surface element during each time increment Dt is (|e˙(1)|Dt)/e crit (1), (|e˙(2)|Dt)/e crit (2), (|e˙(3)|Dt)/e crit (3) etc. The accumulated damage is .... (1) where e crit) (i) is the critical strain at T(i) taken from the isothermal RA(T) curve for |e˙(t)|, Fig. 1(b) . The critical strain e crit is assumed to be proportional to RA. The factor f between e crit and RA is investigated in the next section of the paper. The time of begin of damage accumulation t 1 can be taken to be that for which RA has a certain value, e.g. 75 %. But it does not make much of a difference if t 1 is set to zero, that is damage accumulation starts mathematically at the meniscus, because at the high temperature e crit is large (RA→100 %) and, therefore, |e˙(t)|/e crit (t) is small. Equation (2) must be valid also for isothermal deformation with constant strain rate. In this case e crit is constant. The method of computing a process in a material occurring in transient conditions from the data for the isothermal process by summation of weighted increments is not new. Scheil seems to be the first who applied this approach to the computation of a non-isothermal transformation diagram from an isothermal diagram.
4) So, Eq. (1) or (4) can be considered to be some kind of Scheil equation. Also in the prediction of fatigue strength of machine parts, 5) the life under varying loading conditions is computed by the use of a sum or integral (principle of addition of strains) similar to that in Eq. (1) or (4).
In the rest of the paper the method will be used to treat the formation of transverse surface cracks on aluminum killed steel slabs. The procedure consists of the following parts:
• A cracking criterion applicable at the strand surface is proposed.
• The strain rate and strain developing at the strand surface due to non-uniform cooling and strand straightening (and bending) are computed.
• A suitable algorithm is deduced representing the RA values for aluminum killed carbon steels as a function of the relevant variables.
• The method of the damage integral is used to compute the surface damage accumulation during the transient state of the slab surface which finally leads to cracking.
Criterion for Crack Formation
The data obtained in the tensile experiments have to be made transferable to continuous casting. It has already been stated that the stress/strain state is different in the tensile experiment and in continuous casting. There is no constriction of the material before rupture in the strand surface as it is in the tensile specimen. Cracking of the strand surface will rather result, under tension, when the material has accumulated a certain critical value of the effective strain. So, the critical strain e crit has to be developed from RA. The procedure is carried out in two steps. At first, a cracking criterion in the form of a strain value e crit has to be found for the tensile test. It is assumed that in the tensile test the development of the microscopical structure (aluminum nitride precipitation at austenite grain boundaries) occurs in the same manner along the length of the specimen (if the temperature is uniform) and, since the constriction formation is very fast, there is not much difference of the microscopical structure (size of aluminum nitride particles and number of nuclei for voids) in the constricted part and in the non-constricted parts of the specimen immediately before rupture. Hence, e crit is taken to be equal to the uniform longitudinal strain of the tensile specimen prior to rupture. Uniform strain and fracture strain values are available for low temperature tests. 6, 7) No uniform strain data have been reported explicitly for high temperature tensile testing. But they can be read from strain-stress curves 8, 9) assuming that the strain to the load maximum is the uniform strain.* Fracture strains have been reported for high temperature tensile testing 10, 11) and they can be converted to uniform strain by multiplication with a factor.* Another way of obtaining a cracking criterion in the form of a longitudinal strain component in the tensile test is to deduce from RA an average value of the longitudinal strain e z for the constriction plane. This can be done by considering the change of shape of a thin slice in the rupture plane. Diameter and height of the slice are D o and l o before deformation and D f and l f after rupture. The volume of the slice stays constant, hence 2 . Taking e z to be e z ϭ(l f Ϫl o )/l o and using RAϭ100(D Figure 2 shows the longitudinal strain at rupture (tensile test) plotted against reduction of area. It is evident that the strain in % is of the same order of magnitude as the reduction of area. That is the (uniform) strain at cracking is still relatively large for low RA values which otherwise are taken to indicate brittleness. For instance, at RAϭ20 %, e crit would be in the range of 10 to 20 %. Equation (5) which is given by the solid curve, approaches to e z (%)ϷRA at low RA. Hence, e in % would be equal to RA. At high RA, e z increases stronger than linearly with RA and at RA→100% it becomes indeterminate approaching to infinity. Consequently, RA is not a measure for ductility at high values with this equation.
The second step is to provide the criterion which is applicable to continuous casting. In principle the equivalent strains in the strand surface and in the tensile specimen at rupture could be set equal. There is the problem that in the continuous casting process the strains are comparatively small, even at bending and straightening. This means that low RA values which indicate cracking sensitivity, still go along with high rupture strains in the tensile test which do not arise in the continuous casting process, or, in other words, using the strain data in Fig. 2 as cracking criterion in the casting process could never result in predicting the formation of a crack. Other factors must contribute to the
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© 2009 ISIJ * In the tensile experiment the force at first increases to a maximum and then decreases. If it is assumed that the load maximum coincides with the start of the constriction formation, the elongation (or strain) to the maximum is the uniform elongation (or strain). The factor between uniform and fracture strain can be obtained from the elongations (or strains) to the load maximum and to rupture. The deduced numerical values for this ratio (which depends on sample length) vary for the room temperature tensile tests between 0.5 and 0.75 6, 7) and for the high temperature tests between 0.4 and 0.9. 8, 9) The factor must be 1 for RA→0 (no constriction of the sample) and then decrease with increasing RA. We assumed a function of the factor in the form "factor"ϭ1ϪK(RA/100) n and set Kϭ0.5 and nϭ0.5. This yields, for instance, a value of 0.5 at RAϭ50 %.
crack formation in the casting process. It is believed that three other factors contribute to the crack formation in the casting process, namely local variation of austenite grain size, segregation in the oscillation marks and notch effect of oscillation marks. Transverse cracks occur mostly in the oscillation marks. Here, the cooling in the mold is slower, due to the increased thickness of the gap, causing non-uniformity of thermal strain. Furthermore, the austenite grain is coarser. From the laboratory measurements it is well known that RA decreases with increasing grain size. 12, 13) For instance, at a grain size of 0.18 and 1.5 mm RA was found to be 30 % and 9 %, respectively.
12) The segregation in oscillation marks may enlarge brittleness. 14) Notches in a surface lead to increases of stress and strain at the notch ground. Nothing seems to be known quantitatively about notch factors for creep in austenite at high temperature. But for low temperature material behavior the theory is developed and it is well known that notch factors (strain notch factors) can be up to 10 depending on notch geometry. 5, 15) In conclusion the cracking criterion applicable to the strand surface will be obtained by the introduction of factors f grain size , f segregation and f notch which take into account that the critical strain in the strand surface can be smaller than in the tensile specimen due to the presence of larger austenite grain, segregation and notches.
.... (6) 
Strain in the Strand Surface Causing Transverse Cracking
The temperature field in the strand can readily be computed with a thermal model. 16) In principle, also the strain/stress state can be computed with a thermo-mechanical model. However, this is involved and usually such a model is not available in the steel plants. Normally, in a particular problem, one stress or strain component is much larger than the others and it suffices for the crack prediction model, also in view of its other imperfections, to consider only the largest stress component which can be determined rather easily with a one-dimensional computation.
Transverse cracking is caused by thermal strains and bending/straightening strains. Thermal tension strains develop if the surface cools faster than the subsurface material. Consequently, the surface wants to contract. But this is not possible due to the constraint exerted by the subsurface material which is cooling slower. Particularly, transverse corner cracks are caused by thermal strains. The corners cool faster than the adjacent strand faces. They want to contract longitudinally but cannot do so due to the constraint exerted by the faces. So the total strain is zero (or close to zero) which is brought about by a viscoplastic (creep) strain e z c balancing the thermal strain e z th . Depending on the composition of the steel the d/g transformation may occur with the associated change of density, also contributing to the development of the strain/stress state.
The model is, in principle, the same, as that described previously. 17) In transverse cracking obviously the governing stress component is that in longitudinal direction of the slab which is the z direction in the used coordinate system. Hence, in the simplified version the other two stress components are set to zero (s x ϭs y ϭ0). The strains are used in time-differentiated form as explained previously.
17 The data of Rees 7) and of Osinkolu, Tacikowski and Kobylanski 9) represent uniform strains and were reported either directly 7) or read from the given strainstress diagrams.
9) The values of Desai 10) and of Lankford 11) were obtained from fracture strains by multiplication with a factor. Lankford reported "true fracture strains" and his data were converted to engineering strains eϭ(l f Ϫl o )/l o , prior to their conversion to uniform strains, assuming that he applied the relationship "true fracture strain"ϭln(l f /l o ).
where the volume fractions g d and g g of the d and g phase are computed with the thermal model. The Young's modulus E and the density r are composed correspondingly. In Eq. (9) the temperature T is in K. Materials data are given in several papers. [18] [19] [20] A specific constraint is exerted on the longitudinal strain rate ė z . Since slices of the strand traveling downwards stay (approximately) parallel, the change of z strain is independent of x and y coordinates (state of generalized plane strain), but it is a function of time (or z). (This is so on a vertical strand. On a curved strand the slices strictly are segments of a circular shell moving on circles.) Hence, 
.(12)
The constant C(z) is determined from the force equilibrium in z direction, viz.
............. (13) where A s is the area of the solid part of the strand cross section at z, V the strand volume above this cross section and a the angle of the strand axis against the vertical. Alternatively, one might set the integral zero if the weight of the strand is just balanced by the friction. Up to here the treatment is valid for a strand without bending and straightening. Bending and straightening strains depend on the kind of machine. In the circular arc machines with curved mold, straightening occurs at the end of the machine. In the oval bow machine straightening starts already below the mold. In circular arc and oval bow machines with a vertical mold there is first bending below the mold and then straightening. In a vertical type machine that brings the strand into the horizontal position at the end of the machine, bending and straightening may follow immediately after each other. The strain rate due to straightening, or to bending, can be computed with .... (14) where R is the machine radius and v c the casting speed. The coordinate x in thickness direction has its origin at the center plane, and the positive direction is that to the lose side. This amount has to be added in the bending/straightening zones to the strain rate resulting from Eqs. (7) to (13) . So, from this model one obtains the local distribution of ė z c as required for the computation of the damage integral Eqs. (2) to (4).
Algorithm Describing the Ductility of Aluminum Deoxidized Carbon Steel
Transverse cracks can develop at the strand surface if tension strain exists in longitudinal direction of the strand due to bending/straightening processes and/or non-uniform cooling, and simultaneously the steel is not sufficiently ductile. Particularly, the aluminum and niobium containing (micro-alloyed) steels are crack sensitive, due to deformation induced precipitation of nitrides and carbonitrides at the austenite grain boundaries. The crack sensitivity exists in the temperature range below 1 000°C and depends, apart from the steel chemistry, on the strain rate and the cooling conditions. 1) Many authors have measured RA-T relationships for aluminum containing steel. [21] [22] [23] [24] [25] For the application in the numerical model an algorithm should be available for the computation of RA as a function of the relevant parameters. Figure 3 gives the schematic diagram with the characteristic points for which analytical formulae have been developed in the present work. RAmin represents the minimum RA value and T RA min is the corresponding deformation temperature. T DB is the temperature of transition during cooling from the ductile to the brittle state which is taken to be at RAϭ100%. T RA 50 is the temperature at which RA is 50 %, and T f is the temperature at which RA has increased again to 100 % at the low temperature end of the ductility trough, due to the transformation of the steel. The slope of the RA(T) function is taken to approach to infinity at TϭT f and RAϭ100 %. Several sets of experimental data were used to determine the various dependencies as is shown in the Appendix. The scatter of the experimental data is large. Nevertheless, correlations exist which are summarized below. The steel composition is about 0.15 % C, 0.3 % Si, 1.4 % Mn. 
The quantity c.r ෆ. is the average cooling rate in K s Ϫ1 prior to the start of tearing. The Eqs. (17) and (18) contain also the influence of temperature oscillations (DTϭamplitude).
1)
The validity of the equations is in the ranges of the evaluated experimental data, that is in the ranges 10 Ϫ4 to 10 s Figure  5 gives, as an example, the temperature distribution at the surface and on a cross sectional area of a strand section which extends from the meniscus to a distance of zϭ2.1 m. There is symmetry to the center plane. Only one half of the strand is displayed so that the edge at the right hand side is in the center plane of the slab. Details of the thermal model can be found in Ref. 17) . The strong temperature oscillations exist at the surface in the secondary cooling zone which are caused by the different heat withdrawal under the rolls and spray water nozzles. It is also evident that the edges of the slab are colder in the average. The resulting longitudinal stress distribution is illustrated in Fig. 6 . Positive values and the color range light yellow to orange indicate tension, and negative values and orange to black compression. In the areas with increased cooling where the temperature drops, the surface layer tends to contract but this is impeded by the hot subsurface material. Therefore, tensile stress arises which leads to creep elongation (positive longitudinal creep strain) as can be seen in Fig. 7 . When the surface heats up again after leaving the strongly cooled zone, it wants to expand. But this is again impeded. Consequently compression (negative longitudinal stress) develops which results in creep contraction (negative longitudinal creep strain). For demonstrating the detailed computation which has been carried out, surface temperature and strain rate on the wide face are given, for a segment of two roll pitches, in the form of three-dimensional curve diagrams in Figs. 8 and 9. The individual curves represent profiles in longitudinal direction (parallel to the edge) and in width direction. The first longitudinal profiles are those directly at the edge. All these quantities are computed along the total length of the slab including withdrawal zone of the machine. The damage integral defined by Eq. (4) was evaluated for the slab surface using the development of temperature and strain rate. The RA function depends on temperature, strain rate, cooling rate etc. and is computed from the expressions (15) to (20) . The factor relating e crit (tensile test) to RA was set to 0.4 which corresponds to the lower dashed line in Fig. 2 . Several numerical values were applied for the product f grain size f segregation f notch in Eq. (6) . In the first trial f grain size f segregation f notch was set equal to 1 yielding .............. (21) But this expression resulted in a much too low curve for the damage integral thus confirming that the high rupture strains obtained in the tensile test do not arise in continuous casting and can not cause cracks. In subsequent computations the numerical factor in (21) was decreased, meaning that f grain size f segregation f notch was introduced, to increase the damage integral so that it might intersect with 1. The development of the integral along the machine is shown in (23) indicate values of 6.7 or 13.3 for the product f grain size f segregation f notch which are completely reasonable. The grain size factor, segregation factor and the notch factor and, consequently, the factor between RA/100 and e crit , depend on the specifics of operation of the machine (oscillation parameters influencing the depth of oscillation marks, cooling in the mold and in the secondary cooling zone) and steel grade, and must be determined by comparison of the cracking incidence with the predictions of the model. Also, specially designed laboratory tests could help to determine the unknown factors.
Summary and Conclusions
In many continuous casting plants the secondary cooling for avoiding surface cracks is chosen on the basis of ductility data from tensile tests. This is done by simply setting the cooling of the strand surface in such a range that surface temperatures, in which the reduction of area RA of the tensile specimen is below a certain value, do not develop during the passage of the strand through the machine. In the present work a more fundamental approach is proposed and applied to the prediction of formation of transverse cracks. It utilizes the method of the damage integral for applying the laboratory ductility data which have been obtained in isothermal tensile testing, to the transient conditions at the strand surface. In this method the strain increment developing at the strand surface during a time increment is weighted by the critical cracking strain and the obtained "damage increments" are then summed up. Cracking occurs when the damage integral reaches unity. The critical cracking strain is based on the longitudinal strain in the tensile specimen at rupture and factors taking grain size, segregation and notch effect of oscillation marks into account, and is deduced from the RA data. The strain rate at the strand surface is computed with a mechanical model. The method is rather simple and should be developed further. It is true that assumptions are still involved in the procedure and that some factors must be determined by "tuning" the model to the specific conditions. Nevertheless, it appears to be better to base the prediction of crack formation in continuous casting on the scientific method than to just use the RA data which apply to the rather different conditions in the laboratory tensile test. Improvements could be made easily. For instance, the procedure of deducing the cracking criterion from RA could be made better if values of uniform strain in the tensile sample were available. So it is proposed that the uniform strain values are recorded in addition to RA in future laboratory work on high temperature crack sensitivity. 21) and of Maehara and Ohmori. . Data of Bernard, Birat, Conseil and Humbert, 23) Ouchi and Matsumoto, 21) Suzuki, Nishimura, Imamura and Nakamura, 24) Maehara and Ohmori, 22) and Hannerz. 25) 
